It is important to take anisotropic properties into account for estimating accurate geological structure in seismic surveys. The recent development of unconventional hydrocarbon reservoirs has revealed that subsurface materials are much anisotropic than expected. Near surface materials could also be strongly anisotropic when complex nature of observed seismic waveforms and unconsolidated near surface sediments are considered. The effect of "strong" anisotropy on the behavior of seismic waves is still not well understood. In this study, we investigate the influence of strong anisotropy on received seismic waveforms using two three-dimensional numerical models to see if near surface anisotropy is detectable or not. Our numerical models contain an isotropic and an anisotropic layer, respectively, in the subsurface. We took the difference of the received waveforms between the two models to see how the anisotropic layer influences the waveforms based on the orbital analysis of particle motion of the residual wavefield. Our results show that there are meaningful changes in the received waveforms mainly due to P-wave and converted-wave that are generated by the anisotropy layer. We concluded that analysis of waveforms is valid for estimating the anisotropic structure in the subsurface.
INTRODUCTION
Subsurface materials are generally anisotropic due to complicated geological conditions, for example, the pattern of sedimentation, sedimentary materials, fractures reflecting various stress conditions in the past and present in the subsurface, etc. In geophysical exploration, it is important to take anisotropic properties of the ground into account for estimating accurate and actual geological structure. Reservoir rocks and near surface materials are especially strongly anisotropic (e.g., Sone, 2012) . So, the development of novel method to estimate anisotropic properties in the subsurface has been waited for.
Many previous studies about seismic anisotropy have been conducted, for example, azimuthal anisotropy of wave velocity (e.g., Thomsen, 1986; Alkhalifah, 2000) , polarization anisotropy, i.e. orthogonal polarization of qS-wave (quasi shear wave) into fast and slow wave, which is called S-wave splitting (e.g., Bansal and Sen, 2008) . In anisotropic medium, wave velocity depends on direction of the propagation, and many kinds of approximations for phase velocity, NMO (nomal-moveout) velocity and traveltime are proposed. Most of those are applicable under the condition of being weakly anisotropic, so, difference between approximations and actual values would increase as anisotropy is strong. It could lead to misunderstanding of geological structure. Since the effect of "strong" anisotropy on the behavior of seismic wave propagation is still not well figured out, understanding it and applying to exploration method is needed.
We investigated the influence of anisotropy on received seismic waveforms using numerical experiments, and verified capability of detecting subsurface anisotropy. Our numerical models have isotropic and anisotropic layers in homogeneous medium. Comparing the received waveforms of two models, we verified capability of detecting subsurface anisotropy.
METHOD (1) Governing equations
The equation of motion is given as (Aki and Richards, 2004)
where is the particle displacement vector, , is the stress tensor, is the body force that represents the source, is the density. The constitutive relationship (Hook's low) for anisotropic media is
where , is the stiffness tensor, is the strain tensor. The relationship of train and velocity is written as Then, equation (1) and (2) can be rewritten as
We use the velocity-stress FD scheme to solve equations (4) and (5). Equation (6) shows equation (5) rewritten for VTI medium: 
Notice that c 12 can be expressed by other value as c 12 = 11 − 2 66 . This means that stiffness matrix of VTI has only five independent components among twelve nonzero components.
(2) FINITE-DIFFERENCE SCHEME To simulate seismic wave propagation, we have implemented a finite-different scheme with rotated staggered grid (Saenger, 2000; Seanger and Bohlen, 2004) . For calculating elastic wave propagation using FD scheme, (standard) staggered gird scheme (Virieux, 1984 ) is well known. However, staggered grid scheme increases numerical error when the numerical model has lower symmetry anisotropy than orthorhombic, because components of velocity and stress are not defined at the same location respectively (Saenger and Bohlen, 2004) . In rotated staggered grid scheme, all components of and are defined at the same location, there is no need to interpolate velocity and , . So it can be applied to general anisotropic medium. Additionally, it becomes possible to calculate seismic wave propagation without explicit boundary condition at high contrast interfaces. Fig. 1(a) shows the staggered grid by Virieux in velocity-stress FD scheme, and Fig. 1(b) shows rotated staggered grid by Saenger. In this paper, FD scheme has second order accuracy both in space and time. 
NUMERICAL MODEL (1) BASICAL MODEL
We conducted numerical experiments using two different inhomogeneous models. Each model includes an isotropic or anisotropic thin layer as a velocity anomaly in a homogeneous medium. Fig. 2 and Fig. 3 show the two models. The middle layer of Fig. 2 is an anisotropic medium (VTI: Transversally Isotropic with the Vertical axis of symmetry), and that of Fig. 3 is an isotropic medium. We call the model of Fig. 2 as the anisotropic model, and call the model of Fig. 3 as the isotropic model. The property of vertical velocity and density is given in Table 1 . Horizontal P-wave velocity V p of VTI is 3000 m/s and horizontal S-wave velocity V s is 2000 m/s, which are equal to those of top and bottom media. The ratio of minimum and maximum phase velocity is 0.85 for P-wave anisotropy, and 0.90 for S-wave. Stiffness tensor components of VTI are defined by 11 = 23.40 GPa, 33 = 16.91 GPa, 13 = 2.847 GPa, 44 = 8.424 GPa, 66 = 10.40 GPa, and the density is ρ = 2600 kg/m 3 . Therefore, a wavefront in vertical plane is elliptical (Thomsen, 1986) .
The source is a vertical point force whose depth is z = 1500 m at center of xy-plane (x = y = 750 m). The source wave is a Ricker wavelet with a dominant frequency of 10 Hz. 32 Receivers are set along the line AA' on the surface with the interval of 40 m. Line AA' is parallel to the x axis and 20 m away from the source in y-direction.
(2) DIFFERENT IN THICKNESS OF A MIDDLE LAYER
To investigate the influence of an anomaly thickness on received waveforms, we conducted numerical experiments with different thickness of the middle layer, i.e. 100 and 400 m. The depth pf the interface between top and middle layers is the same as each case (i.e. z = 350 m). Other conditions are not changed.
RESULT AND DISCUSSION
(1) BASIC MODEL Fig. 4 shows z-component of the particle velocity received at (a) the anisotropic model and (b) the isotropic model respectively. Colored lines in Fig.  4 (a) are drawn around P-wave and S-wave arrivals.
To see how the anisotropy of the medium has influence on the wavefield, we took the difference of the particle velocity data between the anisotropic and isotropic model. The results are shown in Fig. 5 and color lines are at the same location as Fig 4(a) . The amplitude in Fig. 5 is amplified by a factor of 0.1. We can see coherent events around P-wave arrival and ahead of S-wave arrival. The latter events could be converted waves induced by the middle layer. Since the different between the two models is horizontal phase velocity of the middle layer, these events would be generated by the anisotropic properties in the middle layer. In other words, the amplitude of the residual waveforms represents the size of the impact of the anisotropic information on waveforms. Next, we conducted the orbital analysis for the residual wavefield. This analysis is valid for estimating the kinds of seismic wave from direction and amount of the particle displacement. Fig. 6 shows the orbits of four receiver points along the line AA' which calculated by x-and z-components of the residual waveforms in Fig. 5 . Arrows in Fig.  6 represent the direction from the source toward receiver points. The shapes of orbits are z axial symmetry to offset = 0 m. Note that compressional wave, shear wave and second compressional wave appear in the same order. They have large displacement as their offset become large.
(2) DIFFERENCE IN THICKNESS OF A MODDLE LAYER
We, next, investigate the effect of the thickness of the middle layer on the received waveforms. Fig. 7 shows z-component of the residual waveforms in the case that middle layer thickness is 100 m and 400 m respectively. Comparing Fig. 5 , Fig. 7 (a) and (b), amplitude of direct P-wave increases obviously with increasing thickness of the middle layer. This suggests that we could obtain information on the location and the size of strong anisotropic medium.
CONCLUDION
We implemented a code for the numerical simulation with FDM to investigate the influence of strong anisotropy on wave propagation. Two types of the numerical models are built; the one contains a block of anisotropic layer and the other contains the isotropic one. The results show that the residual waveforms might be caused by anisotropic medium, and have information with respect to anisotropic property and thickness of anisotropic layer in subsurface. Our numerical results indicate that analysis of waveforms recorded by receivers at surface could reveal anisotropic structure in the subsurface.
